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Light-Induced Resetting of a Mammalian
Circadian Clock Is Associated with Rapid
Induction of the mPer1 Transcript
rhythmicity is stably maintained. Under constant condi-
tions, however, a slight change in period is observed,
resulting in free-running rhythms displaying a phase
gradually dissociated from that of the geological cycle.
On the basis of these classical experiments, two func-
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frq expression (Crosthwaite et al., 1997). These gene
products are widely believed to be the best examples
of clock components, and the striking similarities in the
Summary results of these analyses have led to the generalization
that all circadian oscillators including mammals may be
To understand how light might entrain a mammalian comprised of transcription/translation-based negative
circadian clock, we examined the effects of light on feedback loops whose execution requires the action of
mPer1, a sequence homolog of Drosophila per, that clock genes (reviewed in Hall, 1996, 1997; Millar, 1997;
exhibits robust rhythmic expression in the SCN.mPer1 see, however, Sauman and Reppert, 1996).
is rapidly induced by short duration exposure to light at The recent identification of mammalian sequence ho-
levels sufficient to reset the clock, and dose±response mologs to the Drosophila per gene (Sun et al., 1997;
curves reveal that mPer1 induction shows both reci- Tei et al., 1997) has provided yet another facet to this
procity and a strong correlation with phase shifting of developing story. The mPer1 gene was identified based
the overt rhythm. Thus, in both the phasing of dark upon sequence similarities to the period gene and
expression and the response to light mPer1 is most shows strong expression within the SCN, the anatomical
similar to the Neurospora clock gene frq. Within the locus of the dominant circadian oscillator in mammals.
SCN there appears to be localization of the induction Given the strong sequence similarity between mPer1
phenomenon, consistent with the localization of both and per and the expected role of PER in the Drosophila
light-sensitive and light-insensitive oscillators in this clock, it is widely expected that mPER1 will play a role
circadian center. in the mammalian circadian oscillator. Importantly given
its anticipated role in the clock, mPer1 is rhythmically
expressed in the SCN.
While known oscillation mechanisms show significantIntroduction
similarities in the expression pattern of clock molecules,
they also display distinct differences in their phasingPrecise, rhythmic, daily change of the internal milieu is
and the means through which they are reset by light:a conspicuous feature of all living organisms. It affects
Neurospora has a day-phase clock whose componentstemporal patterns of all kinds of behaviors during a day
peak in concentration during the day and in which lightand deeply influences both social structure and daily
resets the clock through the rapid induction of clocklife of individual human beings (Aschoff, 1981; Hastings
gene expression (Crosthwaite et al., 1995, 1997). Dro-et al., 1991; Hastings, 1997). Some of these daily varia-
sophila on the otherhand has a night-phase clock whosetions arise from an endogenous mechanism that is au-
components peak in activity in the night and in whichtonomously oscillating with a period of 24 hr, as demon-
light is believed to reset the clock via a posttranslationalstrated by the fact that even under constant conditions,
mechanism involving the destruction of clock proteins
(Hunter-Ensor et al., 1996; Lee et al., 1996; Myers et al.,
1996; Zeng et al., 1996); the per gene is not acutely‖To whom correspondence should be addressed.
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Figure 1. mPer1 Expression in the SCN Dis-
plays a Robust and Stable Pattern of Rhyth-
micity
Mice were held in a cycle of 12 hr light (1.5 3
1014 photons s21 cm22) and 12 hr of dark (LD
12:12) before being released into constant
dark (DD). Relative mPer1 levels in the mouse
brain SCN are shown from samples taken ev-
ery 2 hr, starting in the last light period and
extending 118 hr through four cycles in con-
stant darkness. RNA abundance was deter-
mined by quantitative in situ hybridization us-
ing isotope-labeled probes with the peak
value being adjusted to 100. Each point is
from a single animal. Representative film-
autoradiography from time points is shown
at the top of the figure. Numbers on each
autoradiogram indicate time of sampling;
small arrows indicate SCN.
photoresponsive (Qiu and Hardin, 1996; Zeng et al., Results
1996).
Although structually similar to per, surprisingly the The Phase of Rhythmic mPer1 Expression
Can Be Rapidly Reset by Lighttemporal pattern of mPer1 expression is not that of
Drosophila per but instead is more similar to that of Time-of-day specific expression of mPer1 has pre-
viously been reported for single cycles in LD (Light-Dark)frq in the day-phase Neurospora clock. To characterize
further the potential role of mPer1 in the oscillator and as and DD (constant darkness), so as a starting point it was
important to determine the consistency and strengtha first step in elucidating the molecular means through
which mammalian circadian clocks might be reset, we of the daily cycle in mPer1 transcript levels during an
extended free run. Figure 1 shows such data for one dayhave characterized the response of this gene to brief
light treatments that are sufficient to reset the clock. In under LD conditions followed by four days in constant
darkness. mPer1 expression in the SCN continues tothe circadian rhythms literature, there is a long thread
of investigation in which organismal, cellular (Hastings display a robust rhythm in expression in the SCN show-
ing a 7- to 10-fold amplitude with a period length of ca.and Sweeney, 1958; Pittendrigh, 1960, 1993; Gillette,
1997), and more recently molecular (Crosthwaite et al., 23 hr and a daily peak occurring at ca. CT 4, in the
subjective morning. This fits with data from the behav-1995; Hunter-Ensor et al., 1996; Lee et al., 1996; Myers
et al., 1996; Zeng et al., 1996) responsivity to light has ioral analyses in Balb/c mice, in which the 4 days follow-
ing the LD transfer in DD displayed a period of 23.46 6been used as a tool to probe the mechanism of the
circadian pacemaker and the organization of circadian 0.056 (n 5 18). Despite clear evidence of expression in
a large number of cells in all parts of the SCN, theresystems. Expression of mPer1 in the SCN is robustly
rhythmic for a number of cycles in constant darkness was little evidence of damping of the oscillation or
broadening of the peaks, implying that there is strongwith a dependable peak in the subjective morning sug-
gesting the operation of a day-phase clock in the SCN. communication among separate oscillatory units within
the SCN.Consistent with this, we find mPer1 to be acutely photo-
responsive: brief exposure to light at times outside of Single, brief, and discrete light treatments are suffi-
cient to reset overt mammalian circadian rhythms in thethe subjective day results in a large and rapid induction
of mPer1 expression to levels approximating that of the running wheel activity of nocturnal rodents (Daan and
Pittendrigh, 1976). Although it is widely accepted thatdaily peak in expression. Further, the threshold for clock
resetting is comparable to that observed for mPer1 in- the full magnitude of a shift in the phase of the rhythm
may take several days tobe apparent, accepted theoret-duction, consistent with mPer1 induction being an initial
event in the circadian photoresponse. These data con- ical models for the resetting and entrainment of all circa-
dian clocks (Pittendrigh, 1993) hold that, unlike the overtfirm earlier predictions (Crosthwaite et al., 1995) that
mammalian clocks would be reset at least in part rhythms driven by them, the biological oscillators them-
selves can be reset rapidly. This in turn implies that thethrough a mechanism similar to that seen for the Neuro-
spora gene frq, and that light induction of clock genes level of activity of at least some components of the
oscillator should themselves be rapidly changed follow-might be a general mechanism through which the intra-
cellular feedback cycles that comprise circadian clocks ing single, brief, and discrete light treatments. If mPer1
encodes a component of the mouse circadian clock, aare brought into synchrony with the external cycles of
the real world. Aspects of these data lead to a model for day-phase clock like that of Neurospora (Crosthwaite
et al., 1995), then mPer1 might be expected to showthe organization of mammalian circadian pacemaking
activity in the SCN. rapid light induction, and in turn the oscillator in which
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shows no sign of damping and that the phase of the
rhythm can be rapidly reset by light.
It is an analytical necessity that the phase of all rhyth-
mically expressed components of an oscillator will even-
tually be reset following a phase shift, but some of these
will be involved in initiating the shift and some will follow.
Those that lead will of necessity be acutely responsive.
Given the time scale of the experiments in Figure 2A it
was impossible to determine the speed with which
mPer1 responds to light, so this was reexamined by
following mPer1 levels with finer temporal resolution
before, during, and immediately after a 30 min light treat-
ment (Figure 2B). After 10 min exposure to light, mPer1
transcript levels begin to rise and they do so precipi-
tously, peaking at 60 min after the pulse began. The
increase is transient, however, with levels returning to
baseline after 3 hr. These rapid induction kinetics seen
here associated with a clock-resetting light pulse are
consistent with observations from two pulse experi-
ments in hamsters that phase delays in the oscillator
controlling activity onset are complete within 2 hr of
light exposure (Best et al., 1996; Elliot and Pittendrigh,
1996; Hastings et al., 1996). Also, bothhere and in Figure
Figure 2. A Single Brief Exposure to Light Induces mPer1 and Re- 2A it is clear that although mPer1 amounts rise to about
sets the Phase of Its Expression the same level as that normally seen at the peak in the
(A) (Top) A 30 min light pulse (4.2 3 1014 photons cm22 s21) delivered dark at CT 4, the kinetics of mPer1 decline following the
from CT 16.0 to CT 16.5 (gray bar) has immediate effects on the light pulse in darkness are much more rapid than that
rhythm. (Bottom) Control animals not receiving a light pulse. Relative
seen during the normal decline from peak levels be-RNA abundance of mPer1 was measured by quantitative in situ
tween CT 4 and CT 12. This suggests that differenthybridization as described in Figure 1; each point represents the
factors may be governing mPer1 mRNA turnover undermean of two animals. mPer1 mRNA rapidly and transiently reaches
the same level as the peak value of the DD cycle (CT 4), and by the the two conditions/times of day. Altogether, these data
next day the phase of the circadian cycle is delayed as compared are consistent with the light induction of mPer1 being
to controls. an initial clock-specific event in light-induced resetting
(B) mPer1 expression is acutely responsive to light. The relative
and entrainment of this clock.RNA abundance of mPer1 was measured by quantitative in situ
hybridization as described above. The means of two mice SCN are
shown with the peak value (set to 100) occurring 60 min after the
Light Elicits Strong Resetting of mPer1initiation of the light treatment. Examples of film autoradiography
of in situ hybridizations showing mPer1 mRNA in the SCN at various Expression but Weak Resetting
times are shown in right upper corner. Small arrows indicate SCN. of the Circadian System
Given the weak overt resetting response typically seen
in mice it was difficult to predict in advance the magni-
tude of the molecular mPer1 response at different times.it plays a role might be expected to be rapidly reset by
light. Figure 3 shows the results of experiments in which mice
were exposed to 30 min of saturating light at differentFigure 2 shows this to be the case; mPer1 is acutely
photoresponsive and the phase of its rhythm can be times and the effects on both mPer1 induction and the
clock were followed. It is clear from qualitative examina-rapidly reset by light. Mice were entrained to a 12:12 LD
cycle, released into a freerun, and sacrificed periodically tion of SCNs in mice receiving light treatments (Figure
3A) that exposure to visible light at any time of daybeginning at CT 20 (Figure 2A). Between CT 16 and CT
16.5 on the second day, one group of mice received a results in the appearance of visible levels of mPer1 tran-
script. These data are quantified in Figure 3B. Light30 min treatment with saturating light (4.2 3 1014 photons
cm22 s21) at a time when light should result in a phase at any time of day drives mPer1 expression to levels
associated with the subjective daytime; qualitatively,delay. Two effects of light are apparent. First, light elicits
an abrupt rise in the level of mPer1 transcript; mRNA then, this is strong resetting, although interestingly it
is not so strong as seen in Neurospora. Statisticallycontent rose between 5 and 8 fold in different experi-
ments and transiently reached levels typically seen at significant induction was observed at CT 0 and all
through the subjective night (CT 12, 16, and 20) but wasthe peak of the daily cycle in transcript abundance be-
fore returning to background levels. Second, the next not seen at CT 4 or CT 8. Light induction is clear and
powerful but is not sufficient to swamp the effects ofpeak in mPer1 transcript levels following the pulse is
delayed by 2 hr as compared to controls that did not the time of day at which light was seen. Nevertheless, if
the phase of the clock following light exposure reflectedreceive light. A phase shift in the molecular rhythm of a
size comparable to the maximum steady-state shift in only the abundance of mPer1 in the SCN, then light
should have driven the overt rhythm to a restricted seriesthe behavioral rhythm was thus rapidly visible. These
data establish that the daily rhythm in mPer1 expression of phases confined to the subjective day.
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Figure 3. Light Exposure at Any Time Brings
mPer1 to Subjective Daytime Levels butDoes
Not Reset the Clock to Subjective Daytime
Effects of a 30 min light pulse (4.2 3 1014
photons cm22 s21) on mPer1 mRNA levels in
the SCN (A andB) andon the locomotor activ-
ity rhythm (C) were determined. (A) Represen-
tative mPer1 mRNA in situ hybridization in
the SCN (arrows) at 60 min following the initial
exposure to light. The star denotes the light-
treated SCN. (B) Light exposure at any time
brings induces mPer1 levels to within 2-fold
of peak levels from the subjective day. Ani-
mals (n 5 42 were exposed to light at CT 0,
4, 8, 12, 16, and 20 and sacrificed 60 min after
the initiation of light exposure. Controls (n 5
4) were not light treated. Quantification from
in situ hybridization data from light-treated
(Light(1); n 5 7), and non-light-treated con-
trols (Light(2); n 5 7). Values are mean 6
SEM (n 5 7). *p , 0.05, **p , 0.01 Student's
t test. (C) The response of the circadian
rhythm in locomotor activity to brief standard
light exposures as a function of phase in the
circadian cycle (the phase±response curve
or PRC to light). Values are means 6 SEM
(n 5 3±5).
This is clearly not the case. Figure 3C shows thephase delays (data not shown) or any mPer1 induction above
background. Above the threshold, mPer1 induction par-response curve to light determined for the same light
exposures as the mPer1 induction data. These results alleled the increasing phase delays over three log units
of total irradiance to a saturation level (above ca. 4 3agree with previous estimates of the response of the
circadian system to light as a function of time of day 1016 photons cm22); additional light (up to 6.1 3 1017
photons cm22 were used) did not result in any additional(e.g., Daan and Pittendrigh, 1976). The large increases
of mPer1 mRNA at CT 16 and CT 20 correlate with the mPer1 induction or additional phase delays. Further, the
fluence response data for both phase shifting and forstable phase delay of free-running locomotor activity
rhythm at CT 16 and CT 20, while light stimulation at mPer1 induction, which included treatment durations of
both 5 and 15 min, showed reciprocity. Such extendedCT 0 caused a small increase of mPer1 mRNA correlat-
ing with the small phase advance of the locomotor reciprocity has been described previously inmammalian
circadian systems (Takahashi et al., 1984) and is one ofrhythms. It is noteworthy, however, that the final steady-
state phase of the overt rhythm following light treatment the unusual features of the photoreceptive system that
mediates entrainment (Foster et al., 1991). Thus takenmost strongly reflects the phase of the clock before the
treatment. Light modifies the phase but does not dictate together, the speed, magnitude, and sensitivity of the
mPer1 response to light are consistent with this induc-it, or stated differently, despite the strong resetting re-
sponse seen at the level of mPer1 induction, only rela- tion being an important event for light-induced resetting
of the circadian clock.tively weak resetting is seen at the level of the circadian
system. This is an important point to which we will return Since it is clear that mPer1 levels are quite sensitive
to ambient light, a natural question is to ask about thein the Discussion.
effects of constant saturating light. To answer this, mo-
lecular rhythmicity of mPer1 was examined in mice heldThe Extent of Clock Resetting and the Magnitude
of mPer1 Induction Are Correlated in LL (Figure 5). Under such conditions mPer1 levels
were generally elevated as compared to LD controls,If as we believe the induction of mPer1 is an initial critical
step in the resetting of the clock, then the threshold for and unlike the time-of-day specific expression seen
under entrained or free run conditions, mPer1 could bemPer1 induction by light must be similar to or less than
the threshold for the clock response, and the degree of detected at all circadian times. Under these condi-
tions, levels of mPer1 were highly variable but theremPer1 induction should be correlated with the relative
amount of phase shift in theovert rhythm. This important was a statistically significant difference (one-way ANOVA
[Fisher], p , 0.05) between the CT 4 and CT 12 pointsprediction was examined by exposing animals to dim
light of different intensities for varying durations and (Figure 5) supporting the existence of a phase delayed
rhythm in bright LL. These data suggest that under con-monitoring the effects of the light exposure on both
mPer1 levels in the SCN and on the rhythm (Figure 4). ditions of constant high light mPer1 levels must be re-
sponding to other regulatory cues and not simply to theBoth mPer1 induction and clock resetting showed a
threshold of ca. 1013 photons cm22, a value comparable ambient light intensity. It isalso clear that although levels
are generally elevated in LL, they are not extremely highto that previously determined for C57BL mice (Foster
et al., 1991). Five minutes exposure at intensities less as compared to the amounts normally seen during con-
ditions compatible with rhythmicity. This suggests thatthan 1 3 1011 photons s21 cm22 failed to elicit any phase
How Light Resets a Mammalian Circadian Clock
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Figure 5. Molecular Rhythmicity of mPer1 mRNA in Constant Bright
Light
Mice were entrained to a 12:12 LD cycle for two weeks and then
placed into constant very bright light (ca. 1.2 3 1015 photons s21
cm22) for 2 days. Experiments were performed at the last LD cycle
(n 5 30) and at the second LL cycle (n 5 30) and levels of mPer1
Figure 4. Light-Induced Clock-Resetting Shares a Threshold with expression were quantified from in situ hybridization data. This value
mPer1 Induction and Increases in Proportion to mPer1 Induction is expressed as the mean 6 SEM (n 5 5). LD data are shown in
Mice were entrained to a 12:12 LD cycle for 2±4 weeks and then open squares, and LL data are shown in closed circles.
kept in complete darkness as a continuation of the dark phase of
the last LD cycle for an additional day (mPer1-induction) prior to
the start of experiments. For mPer1 induction data, animals (n 5
of cells expressing mPer1 was very low. By the time of42) were exposed to varying light intensities for 5±15 min (2.6 3 1013
peak expression (CT 4), mPer1 was found throughoutto 6.1 3 1017) and were then sacrificed 60 min after the initiation of
the SCN; additionally, the intensity of the reaction wasthe light exposure. mPer1 data (closed circles for 5 min pulses,
closed triangles for 15 min exposures) were obtained by quantitation greatly increased compared to CT 0 (Figure 6A). As total
of in situ hybridization data; error bars represent the SEM (n 5 5). levels began to decline at CT 8, the labeling was similar
Values were normalized to the average peak value (5 min pulses) to CT 4 but the intensity of mPer1 reaction in the ventral
set to 100. For the analysis of phase delays, animals were released
part of the SCN had decreased. At CT 12, mPer1 levelsfrom LD conditions and allowed to free run for 7±10 days prior to
had decreased all over the SCN, and virtually none wasbeing exposed at CT 16 to light (5 min) of varying intensity (1010 to
detected at CT 16 and CT 20 except in sporadic cells.2.4 3 1014 photons s21 cm22). Data for steady-state phase shifts
(3±5 mice for each point) are indicated in open squares; error bars At the time of low mPer1 content (CT 16), exposure to
represent the SEM (n 5 3±5). light elicits a burst of mPer1 expression largely confined
to the more ventral parts of the nucleus with no signifi-
cantly elevated expression in the dorsal or medial re-upon transfer from constant bright light to darkness, the
drop in mPer1 expression would not in and of itself be gions (Figures 6B and 6C). The induction level of cells
expressing mPer1 was generally higher than that seensufficient to dictate the phase of the rhythm.
in the ordinary DD cycle at CT 4. The intensity and popu-
lation of the cells were generally most strong in theLocalization of mPer1 Expression and Regulation
within the SCN Suggests Localization ventral SCN and gradually became weaker and sparser
going toward the dorsal region. Similar trends (smallof Function
To understand the cellular localization of mPer1 mRNA area and strong induction in the light-pulsed SCN) can
also be seen in film images such as those in Figure 3.in the SCN, we performed microscopic analysis of in situ
hybridizations. When SCNs from mice were examined Although the anatomical data of Figure 6 can be inter-
preted in several possible ways, they are consistent withat high resolution at different times or following light
treatments it became clear than the tissue distribution a model in which two components contributing to the
circadian timing system of mice exist and are spatiallyof mPer1 expression within each SCN was not spatially
uniform, but that instead there were localized areas of organized within the SCN (Figure 7). In this view, oscilla-
tor cells located principally in the dorsomedial cap showpeak expression reflecting the environmental condi-
tions. Although emulsion autoradiography was per- little direct influence of light stimulation (type A cell,
Figure 7). It may be that these oscillatory cells autono-formed and provided the best quantitative analysis of
mPer1 expression, digoxigenin in situ hybridization mously express mPer1 mRNA on their own circadian
rhythms or are responsive to other stimuli. A secondyielded superior cellular resolution, and thus allowed a
clearer cellular localization. For this reason, the results group of oscillatory cells are located in the ventral as-
pect of the SCN (type B cell, Figure 7); they are stronglyobtained from digoxigenin in situ hybridization are
shown in Figure 6, although these results were substan- influenced by lights-on presumably via signals con-
veyed by the retinohypothalamic tract. These cells au-tiated by the results of emulsion-coated sections. Under
conditions of free run in constant darkness at CT 0, tonomously express mPer1 mRNA, but the expression
level is readily reset by light cues that reset the clock.weak mPer1 mRNA expression appeared in dorsal, me-
dial, and ventral subregions of the SCN and the number The available data are consistent with a model in which
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which time information is generated and how the oscilla-
tor is synchronized to external environmental cues. In-
roads to these questions have arisen through the identi-
fication and characterization of real and potential clock
genes, and further progress has come from the molecu-
lar characterization of the regulation of these genes. In
this way, the per and tim genes have been identified as
necessary for insect clocks and the frq, wc-1, and wc-2
genes for the Neurospora clock. Although in general the
feedback loops described by the action of these genes
are similar, distinctions between the time of day of activ-
ity of the genes and gene products and the mechanisms
through which the clocks are reset have hindered the
formulation of generalizations concerning the molecular
bases of circadian timing. Given the lack of uniform
connections between the various genes/mechanisms
identified in different organisms, it is important to ad-
dress the questions of the roles of these components in
organisms other than those in which they were originally
characterized.
In a previous study (Tei et al., 1997), we cloned mPer1,
a mammalian homolog of the Drosophila clock gene
per, and found that it shows a circadian rhythm of ex-
pression in the SCN, the anatomical locus of the domi-
nant mammalian circadian pacemaker. In the present
work, we have extended these studies to analyze the
strength of the circadian oscillation in mPer1 expression
and the effect of light on this oscillation. We show mPer1
to be strongly endogenously rhythmic with a consistent
peak of expression in the subjective day at about CT 4.
mPer1 is rapidly induced by light in a time-of-day and
tissue specific manner that correlates well with the re-
setting behavior of the overt rhythm in locomotor activ-
ity. Importantly, the photic thresholds and dose re-
sponses for the two processes are quantitatively very
similar and each shows reciprocity between light inten-
sity and duration. The extent to which these characteris-
tics of mPer1 expression are similar to those of the
known clock component frq are noteworthy: frq also
displays a robust endogenous rhythm in expression that
peaks at CT 4. Further, like mPer1, frq is acutely photore-
Figure 6. Expression of mPer1 within the SCN Is Localized Differ- sponsive, being rapidly induced by light in a time-of-day
ently under Different Conditions specific manner that correlates well with the resetting
Shown is digoxigenin in situ hybridization of mPer1 in the SCN of behavior of the overt rhythm in developmental activity.
mice held in DD and examined at CT 4 (A), following a light pulse Based on data similar to those shown here for mPer1,
(4.2 3 1014 photons cm22 s21, 30 min) beginning at CT 16 (B), and
the light induction of frq was shown to be the initiala control for the CT 16 treatment in which animals received no light
salient event in light resetting of the Neurospora circa-(C). Animals were sacrificed and examined 30 min after the end of
dian oscillator (Crosthwaite et al., 1995). In contrast tothe light pulse , and so in (B) and (C) animals were actually sacrificed
at CT 17. Dashed lines indicate boundary of the SCN; oc, optic these similarities between frq and mPer1 regulation, the
chiasma; bar, 100 mm. Drosophila per gene shows strong endogenously rhyth-
mic expression but with a peak in the subjective night
the second type of oscillatory cell displays a resetting (ca. CT 14), and further, per expression is not acutely
mechanism analogous to that previously described for responsive to light (Qiu and Hardin, 1996; Zeng et al.,
the frq gene, where light triggers a rapid transcriptional 1996). Thus, surprisingly, although mPer1 is quite similar
induction of the putative circadian clock gene mPer1. by sequence to insect per, its regulation is most like
In thiscase, phase shifting of theoverall rhythmicactivity that of frq.
of the SCN would be seen as occurring through the There are similarities in the response to light between
oscillatory coupling of the two types of clocks. mammalian behavior and mRNA induction. First, light
can elicit phase shifts both in behavior and in the mPer1
Discussion mRNA rhythm. Second, as shown in Figure 3, the re-
sponsiveness of mPer1 mRNA to light is gated so that
little or no increase was seen during the subjective dayQuestions of long-standing interest in the field of circa-
dian rhythms revolve around the mechanism through under DD conditions whereas robust induction was seen
How Light Resets a Mammalian Circadian Clock
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Figure 7. Schematic Representation of the
Circadian Timing System in the Mouse SCN
during the subjective night; this is not seen in the light much as 12 hrs, but in mammals maximal phase shifts
are ca. 3 hr: Why is the magnitude of the phase shiftinduction of frq. Previous studies on the effect of light
small as compared to the magnitude of mPer1 in-on the phase shift of mammalian behavior rhythms
duction?showed the same formula of phase dependency. Third,
First, it isclear that the induction onmPer1 is transient;as the intensity of the light increased, both the amount
60 min after the peak, the level of mPer1 transcript hasof mPer1 mRNA and the length of phase shift increased
fallen 50%. Given the lag between transcription andin the same manner. These similarities in the light sensi-
translation displayed by clock proteins such as PER,tivity are consistent with the idea that mPer1 is a central
TIM (Rosbash et al., 1996; Young et al., 1996), or FRQmolecule of the circadian clock.
(Garceau et al., 1997), it is possible that insufficentWhat might the protein(s) encoded by mPer1 be do-
mPER1 protein results from a short light pulse to effecting? We hasten to point out that to date there is no
much resetting. It may be that inherent mechanismsevidence to support or to contradict the involvement of
exist to limit this also, in that the rate of mPer1 declinemPer1 in the clock, but given the similarity in sequence
following light is faster than normally seen in the darkto insect PER, a reasonable starting assumption might
(where 6±8 hr are consumed in the slow drop of mPer1be that the protein(s) will enter into the nucleus and
levels from peak to trough). A precedent for this existsparticipate in negative autoregulation that contributes
in the light-induced intracellular signaling pathwayto a circadian oscillator. The strong endogenous rhyth-
whereby ICER suppresses NAT activity (Foulkes et al.,micity in expression of mPer1 would be consistent with
1996).this, and the phasing of this expression suggests that its
A second hypothesis derives from the observationrole might be similar to that of FRQ (another negatively
(Welsh et al., 1995) that individual SCN neurons in vitroautoregulatory nuclear protein), again pointing to in-
are rhythmic but that they appear to have different inher-volvement in a negatively autoregulatory feedback role.
ent periodicities. If this also occurs in vivo, there wouldWe have noted previously that a hallmark of circadian
be the possibility that a relatively short light pulse wouldentrainment by light is the observation that the clock
hit the clocks of different cells at slightly different
interprets the same light signal differently at different
phases, either advancing or delaying to different de-
times of day to result in the characteristic early evening
grees or in mid night advancing some cells and delaying
delays and late night advances in the overt rhythm
others, so that after recoupling the ensemble would
(Crosthwaite et al., 1995). In Neurospora, for instance,
show reduced responsivity.
light elicits a strong unidirectional molecular responseÐ
A third and final hypothesis lies in the effects of com-
the light induction of frqÐthat is interpreted by the clock partmentation. The level to which mPer1 is induced in
to yield the bidirectional delay/advance clock response; the SCN is similar to the maximal level of mPer1 in daily
this is a manifestation of the action of light driving the cycles in LD at ZT 4 and in DD at CT 4. However, the
oscillator from any phase in its cycle to a restricted induction was restricted to the ventrolateral neurons,
group of phases corresponding to the subjective day and the induction level in each cell level was varied; in
(strong or type 0 resetting, Winfree, 1967, 1971, 1976). some cases induction was much higher than the ordi-
Mice, however, do not exhibit strong resetting but rather nary level of mPer1 in the SCN. In these cells, mPER1
are only weakly reset by light (e.g., Daan and Pittendrigh, protein might be very highly expressed similar to the
1976). If light is acting on mPer1 in the mammalian clock light-induction of frq in Neurospora (Crosthwaite et al.,
in a manner similar to that seen for frq in Neurospora, 1995). Since it is known that light induces large phase
a similar unidirectional response in mPer1 induction shifts (even to 12 hr) of thecircadian clock in Neurospora
should also be seen; but given the weak overt resetting in relation to the large induction of frq, the clock in these
response of the circadian system, it was difficult to pre- light-sensitive mPer1-induced cells might be reset by
dict in advance the magnitude of the molecular re- even 6±12 hr as is the case in Neurospora. If so, and if
sponse. The data, however, show mPer1 to be strongly mPer1 levels determine the phase of the clock, then
responsive, so that if the circadian system only followed our microscopic in situ hybridization data suggests the
overall mPer1 levels, it should have been strongly reset possibility that the clock might be reset to varying de-
grees in individual cells: the variability of mPer1 stainingalso. In the case of FRQ, light can reset the clock by as
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in ventral cells suggested that the level of induction even falling. Thus, the initiation of the two processes appears
more or less simultaneous, although it is possible thatamong cells of the ventrolateral SCN was disparate.
If this variability is superimposed upon the variability induced IEG proteins have synergistic effects in acceler-
ating the transcription of mPer1. Further, there are indi-between regions within the SCN, with dorsomedial re-
gions showing little induction at all, then the reduced cations in mice that low-intensity light pulses sufficient
to induce phase shifts and c-fos in hamsters, cannotovert phase shift might be explainedsimply by variability
of responses at the level of cells and the necessity of induce c-fos but still induce phase shifts in the mouse
(S. S., unpublished observation), thus uncoupling thecoupling all of the oscillator cells within the SCN.
A number of studies have shown that the SCN is di- two responses.
Regardless of the nature of the events leading to lightvided at least into two parts, the dorsomedial and ven-
trolateral, in terms of the chemical nature of neurons of induction of mPer1, several salient and surprising facts
remain. mPer1 exhibits a strong and sustained rhythmthis nucleus and the axonal innervation pattern to this
nucleus. In most mammalian species, dorsomedial parts in the SCN with a peak in the mid morning. The gene is
acutely light responsive, and the dose response showsare composed of vasopressin neurons, whereas ventro-
lateral parts have neurons using vasoactive intestinal both extended reciprocity and a good correlation with
phase shifting of the overt rhtyhm. Within the SCN therepeptides (VIP) or gastrin-releasing peptide (van den Pol
and Tsujimoto, 1985; Okamura et al., 1987; Cassone is good evidence for localization of the induction phe-
nomenon, a finding that may explain why strong induc-et al., 1988). Retinal information is transmitted to the
ventrolateral SCN directly through the retinohypotha- tion elicits only weak resetting. Finally and perhaps most
surprising is that, although mPer1 bears strong se-lamic tract (Hendrickson et al., 1972; Moore, 1973) and
indirectly via the geniculohypothalamic tract, never en- quence similarity to insect per, its regulation both in the
light and in the dark bears strongest similarity to frq.tering the dorsomedial part of the SCN (Swanson et al.,
1974). A striking characteristic of this compartmentation A central tenet of modern neuroscience is that all
behavior is a reflection of brain function. The brain isis that substances in the dorsomedial neurons show a
light-independent rhythm (Schwartz et al., 1983; Schwartz made up of individual unitsÐnerve cells and glial cellsÐ
and explanation of complex behaviors at the level ofand Reppert, 1985), but ventrolateral peptides have a
light-dependent rhythm (Takahashi et al., 1989; Inouye gene expression is one of the ultimate goals of neurosci-
ence. Here we showed expression of the putative mam-and Shibata, 1994). The present study demonstrating
that mPer1 in dorsomedial neurons shows a light-inde- malian circadian gene, mPer1, to be highly correlated
with a behavior rhythm. This result offers an examplependent rhythm, while ventrolateral neurons have light-
inducible characteristics, is reminiscent of the peptide that mammalian behavior produced by brain function
can be a reflection of gene expression and further sug-data. Is it possible that ventrolateral neurons are only
passive and never have autonomous activity? Previous- gests that the study of circadian rhythms can be a cen-
tral way of analyzing complex brain function.ly, we hypothesized that VIP gene expression is gov-
erned by an endogenous rhythm but is usually masked
by neural inputs from outside the SCN (Okamura et al., Experimental Procedures
1995; Ban et al., 1997); this theory was based upon in
vivo evidence describing an overt endogenous rhythm Methods for Housing Mice for Light Treatments
and for Assessing Circadian Behaviorin DD-conditioned serotonergic afferent-omitted rats
Male Balb/c mice (Charles River) purchased five weeks postpartum,(Okamura et al., 1995), or during early developmental
were exposed to 2±4 weeks of complete light (fluorescent light 5stages (Ban et al., 1997), and also upon in vitro data
1.5 3 1014 photons s21 cm22) dark (LD) cycles and then kept in
showing rhythmic VIP release in long-duration SCN slice complete darkness as a continuation of the dark phase of the last
cultures (Shinohara et al., 1994). Our present results are LD cycle. mPer1 induction experiments were performed in the sec-
ond DD cycle. In Figures 2, 3, and 6, mice were exposed to anin line with this speculation.
incandescent light stimulus (4.2 3 1014 photons cm22 s21, 30 min).A final question that arises concerns the nature of the
In Figure 4, animals were exposed at CT 16 to incadescent lightfactor or factors that confer light inducibility on mPer1,
pulse (5 or 15 min) of varying intensity (1 3 1011 to 6.7 3 1014 photonsand in particular whether these might include the imme-
s21 cm22). Stimulus irradiance of light level was measured by Light
diate early genes (IEGs) such as fos that are known to Meter (LI250, LI-COR Inc., Nebraska). CT stands for circadian time,
be acutely photoresponsive in the SCN. It is known that formalism that facilitates the comparison of data from organisms
IEGs are induced by light (Kornhauser et al., 1990; Rusak with clocks having different period lengths. Biological time is nor-
malized by dividing the circadian cycle into 24 equal parts (circadianet al., 1990; Aronin and Schwartz, 1991) and that the
hours). By convention, CT 0 is subjective dawn and CT 12 is subjec-dose response for this induction is correlated with the
tive dusk. ZT stands for Zeitgeber time and is analogous to CT butbehavioral phase shift. Although this initially seems a
for biological time under entrained conditions; ZT 0 is lights-on here
reasonable hypothesis, the kinetics of the inductions and ZT 12 is lights-off.
suggest that the IEGs studied to date cannot be in- For assessment of the locomotor activity rhythm, male Balb/c
volved. mPer1 induction occurs within 20 min. after the mice 6±10 weeks of age (Charles River) were housed individually,
and their locomotor activity rhythms were recorded on personalinitiation of a light pulse and reaches a peak at 60 min;
computer systems. Locomotor activities were measured by areasimilarly, IEG transcripts (c-fos and jun-B) begin to ap-
sensors (FA-05 F5B Omron, Japan) with the thermal radiation detec-pear induced after 15 min and peak at 30 min (Korn-
tor system. Animals were initially exposed to a light cycle of 12 hr
hauser et al., 1990; Kornhauser et al., 1992), and c-Fos of light at 100 lux and 12 hr of dark (LD 12:12) to which the animals
protein does not appear until 45 min reaching a peak were allowed to entrain before being released into constant dark
at 90 min after the initiation of light (Colwell and Foster, (DD). For the determination of phase response curves (PRCs) in
Figures 3C and 4, after free-running for 7±10 day in DD, each animal1992). By this time mPer1 transcript levels are already
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was exposed to a light pulse lasting 30 min at CT 0, 4, 8, 12, 16, 14C-acrylic standards (Amersham). Data were normalized with re-
spect to the difference between signal intensities in equal areas ofand 20. Light (4.2 3 1014 photons cm22 s21, 30 min) was administered
while the mouse was in a Plexiglas cylinder. After treatment, animals the SCN and the corpus callosum. The intensities of the optical
density of the sections from the rostralmost to the caudalmost ofwere returned to constant darkness for an additional 7±10 days.
The phase of the rhythm was assessed visually by applying a straight the SCN (10 sections per one mouse) were then summed; the sum
was considered a measure of the amount of mPer1 mRNA in thisedge to the onset of activity on successive days before the light
pulse and again beginning ca. 3 days after a light treatment, and region. The value was expressed as means 6 SEM. For statistical
analysis, one-way ANOVA followed by Sheffe's multiple compari-determining the difference in phases on the day of the light exposure
(Daan and Pittendrigh, 1976). sons were applied. In some case, we use ªrelative RNA abundance,º
which refers to the peak value was adjusted to 100.
Nomenclature Topographic Analysis of mRNA by the In Situ Hybridization
We have adopted a nomenclature for mouse gene sequence homo- of Digoxigenin-Labeled Probe
logs of the Drosophila period gene based on recommendations for Since digoxigenin-labeled probes allow a better resolution than iso-
the naming of mouse genes (Davisson, 1995). Briefly, genes are tope probes for analyzing the cellular distribution of mRNA, we made
named with a three-letter mnemonic referring to the organism from digoxigenin-labeled antisense cRNA probes using digoxigenin-UTP
which they were first identified followed by a number denoting differ- (Boehringer Mannheim) following standard protocols of cRNA syn-
ent homologs. Since several sequence homologs of per have now thesis by Boehringer Mannheim. The tissue preparation, prehybrid-
been identified in mice, we refer to the original homolog (accession ization, hybridization, andposthybridization-washing steps were the
number AB002108) here as mPer1 (human homolog hPer1 acces- same as the protocol for hybridization of isotope-probes. For digoxi-
sion number AB002107) and to the second homolog as mPer2 (hu- genin-labeled probes, sections were processed for immunocyto-
man homolog hPer2 accession number AB002345). It is likely that chemistry with the nucleic acid detection kit (Boehringer Mannheim,
another sequence homolog of per also refers to mPer1, although Germany). Signals were visualized in a solution containing nitroblue
sequence discrepancies in that gene as reported (Sun et al., 1997) tetrazolium salt (0.34 mg/ml) and 5-bromo-4-chloro-3-indolyl phos-
compared to mPer1 make this assignment uncertain. phate toluidinium salt (0.18 mg/ml) (Boehringer Mannheim, Ger-
many) for 16 hr. To confirm the specificity of the in situ hybridization
signals visualized by the isotope and the digoxigenin-labeled mPer1Quantitative In Situ Hybridization Using Radio-Labeled Probes
cRNA probes, we performed a control study using a sense mPer1Probes
cRNA probe or RNase-predigested sections including SCN pre-An mPer1 cDNA fragment (538±1752) was subcloned into the LITH-
pared from various circadian times. Use of a sense nNOS cRNAMUS 28 (NEB) vector. cDNA-containing vectors were linearized with
probe and an antisense probe in RNase-treated sections revealedrestriction enzymes and were used as templates for sense or anti-
no specific hybridization signals. We also performed competitionsense cRNA probes. Radio-labeled probes for mPer1 were made
experiments in the hybridizing step adding 310, 3100, 31000, andusing [33P]UTP (New England Nuclear, USA) with standard protocols
35000 antisense cold probe with working solution of the labeledfor cRNA synthesis.
probe. Signal intensity was decreased in proportion to the increaseTissue Preparation
of the cold probe, and no signals were detected in adding 35000Mice were deeply anesthetized with pentobarbital and intracardially
unlabeled probes.perfused with autoclaved 100 ml of ice-cold saline and 4% parafor-
maldehyde in 0.1 M phosphate buffer (PB) (pH 7.4). The brains were
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